In a previous study we showed that feeding fish meal significantly increased muscle long chain n−3 fatty acids (FA) and hot carcass weight. In this study we compared the effect of fish meal and fish oil on increasing muscle long-chain FA. We also investigated whether the increase in carcass weight was due to the effect of dietary enrichment of muscle long-chain n−3 FA on muscle membrane phospholipids and(or) to rumen by-pass protein provided by fish meal. Forty crossbred ([Merino × Border Leicester] × Poll Dorset) wether lambs between 26 and 33 kg BW were randomly assigned to one of five treatments: 1) basal diet of oaten:lucerne chaff (Basal); 2) Basal + fish meal (9% DM) = FM; 3) Basal + fish oil (1.5% DM) with protected sunflower meal (9% DM ) = FOSMP; 4) Basal + fish oil (1.5% DM) = FO; or 5) Basal + protected sunflower meal (10.5% DM) = SMP. Daily intake of ME (9.60 − 10.5 MJ ME/d) and CP (150 to 168 g/d) in all treatments was kept similar by varying the ratio of oaten:lucerne chaff and by feeding the animals at 90% ad libitum intake. Blood samples were collected at the start of the experiment and on the day (d 42) prior to slaughter. Lambs were then slaughtered at a commercial abattoir. At 24 h postmortem carcass traits were measured and longis-
Introduction
Feeding different dietary fats to domestic animals influences the fatty acid (FA) composition of total and neutral lipids of muscle tissues (Marmer et al., 1984; St. John et al., 1987; West and Chrystall, 1989) . Saturated 1 895 simus thoracis muscle taken for analysis of FA of phospholipid and triglyceride fractions. Lambs fed FO and FOSMP showed a marked increase in muscle longchain n−3 FA (P < 0.001) and a reduction in magnitude of the rise in insulin concentration (P < 0.001) after feeding compared with lambs fed Basal and SMP diets. Lambs in FM had a moderate increase (P < 0.001) in muscle long-chain n−3 FA content. Compared with Basal diet, both plasma total cholesterol (P < 0.02) and high-density lipoprotein cholesterol (P < 0.001) levels were greater in SMP and less in FO and FOSMP treatments. The i.m. fat content was reduced (P < 0.05) in FM and FO treatments, but carcass weight was increased only with fish meal (P < 0.03). Adding SMP to FO produced muscle with an intermediate level of i.m. fat, whereas muscle long-chain n−3 FA, i.m. fat, and insulin concentration were unchanged with SMP treatment. These results indicate that an increase in carcass weight in FM may be due to the supply of ruminally undegraded protein. They also suggest that fish oil along with fish meal can increase long-chain n−3 FA content in phospholipid of muscle membrane. This may be associated with reduced i.m. fat content and altered insulin action and lipoprotein metabolism.
fatty acids, when given in excess of energy requirements, are deposited in adipose tissues as storage triglycerides. However, when diets containing PUFA, particularly n−3 FA, are fed to animals and humans, they are preferentially deposited in structural phospholipids. The majority of cellular lipids are phospholipid and cholesterol (Ghosh et al., 1997) , and they play a critical role in determining the structures of plasma lipoprotein; they also can profoundly influence the function of the membrane proteins such as insulin action in adipose and other tissues (Clandinin et al., 1991) .
In grazing ruminants or ruminants fed forage-based diets, dietary FA are extensively hydrogenated by ruminal microorganisms and the predominant class of FA absorbed are saturated FA; these favor synthesis of very-low-density lipoprotein (VLDL) (Byers and Schelling, 1988) . For C20 and C22 long-chain n−3 FA, there is evidence of only partial (Byers and Schelling, 1988) or no (Ashes et al., 1992) modification by ruminal microorganisms.
In previous studies we have shown that feeding fish meal in a roughage-based diet to lambs significantly increased hot carcass weight (Ponnampalam, 1999) and muscle long-chain n−3 FA (phospholipid + triglyceride) content (Ponnampalam et al., 2001 ) compared with feeding roughage alone. The objectives of this study were to examine the effect of giving fish oil on muscle FA composition and to determine whether the effect on carcass weight reported in our previous study was due to the enrichment of long-chain n−3 FA in muscle structural phospholipid and(or) to rumen by-pass protein provided by the fish meal. We also examined the effect of dietary enrichment of long-chain n−3 FA in muscle structural phospholipid on plasma insulin and lipid metabolite concentrations.
Materials and Methods

Animals and Diets. Forty crossbred wether lambs
([Merino × Border Leicester] × Poll Dorset) between 26 and 33 kg BW were divided into five treatment groups by stratified randomization. The mean live weight of the groups was 30 ± 0.64 kg. After 7 d of adaptation to a basal diet of oaten and lucerne chaff, the groups were allocated to one of five treatments: 1) Basal diet (Basal) oaten chaff:lucerne chaff (30:70) provided at 90% ad libitum intake; 2) Basal (80:20) + fish meal (9% DM) = FM; 3) Basal (50:50) + fish oil (1.5%) with protected sunflower meal protein (9.02) = FOSMP; 4) Basal (25:75) + fish oil (1.5%) = FO; and 5) Basal (60:40) + protected sunflower meal protein (10.5%) = SMP. The ratio of oaten chaff:lucerne chaff in the basal diet was varied between treatments in order to maintain similar daily intakes of ME and CP. This was further managed by feeding the animals at 90% of ad libitum intake to ensure that all of the supplement and roughage were consumed. Ad libitum intake was estimated from intake in the adaptation period. Energy intakes were similar to those of lambs consuming medium-quality pasture and were sufficient to support a moderate growth rate. All management practices (e.g., ear tagging, drenching) for lambs used in this study were the same as reported previously (Ponnampalam et al., 2001 ). All animal procedures were reviewed and approved by the Animal Experimentation Ethics Committee, University of Melbourne, Parkville, Australia.
Lambs were individually penned and fed so that the experimental unit was the individual animal. Drinking water was available at all times. Supplements were added to the basal chaff at feeding. Fish meal was fed as a pellet, made by mixing ground lucerne hay and fish meal (50:50) with 3 g of molasses for every 100 g of fish meal, this being diluted with water. Upon preparation the pellet was dried at 60°C for 48 h in order to remove the water added. Each day fish oil was sprayed onto the chaff immediately before feeding. Fish meal and fish oil used were natural whereas sunflower meal was technologically protected from ruminal degradation, a commercial product of RUMENTEK, CSIRO, Australia (Scott et al., 1995) . Lipid was extracted from ground sunflower seed and then the meal was treated with formaldehyde to provide a protected protein supplement with a very low (< 2%) lipid content.
Measurements. Daily roughage and supplement intakes and weekly live weight gain were recorded over the 46-d experimental period. Samples of basal diet and supplements were collected twice per week, bulked, well mixed, and representative samples were taken for chemical analysis. Metabolizable energy values of roughage and supplements were as reported by one of the major stock-feed producers in Australia, BARAS-TOCK, and FEEDTEST, Agriculture Victoria, Hamilton, Australia. The gross energy content of fish oil was assumed to be 39.3 MJ/kg, which is equivalent to gross energy of fat (ARC, 1980) , and ME content was calculated on the basis that added oil in the diet was 91% digestible in lambs (Ingalls and Grumpelt, 1987) . The values estimated for ME and for chemically analyzed composition of diets are given in Table 1 . Blood samples were collected after 24 h of feed deprivation by jugular venipuncture before commencement of supplementation, and before and 4 h after feeding on d 42 of the experimental period. Upon collection, half of the blood sample (10 mL) was transferred to 10-mL lithium heparin (125 I.U.) tubes and the rest (10 mL) was transferred to 10-mL potassium EDTA (0.1 mL 15% EDTA) tubes to prevent coagulation and immediately placed in ice until centrifugation to separate plasma; this was completed within 2 h of blood sampling.
Samples taken into lithium heparin tubes were centrifuged at 1,000 × g for 15 min at 4°C, and replicate aliquots were used for the measurement of plasma insulin concentration. Samples taken into EDTA tubes were centrifuged at 1,300 × g for 15 min at 4°C, and replicate aliquots were used for the measurements of LDL-cholesterol, HDL-cholesterol, total cholesterol, and triglyceride, respectively. Plasma samples separated for all analyses were stored at −20°C until further analysis. Insulin concentration was determined using a commercially available sensitive rat insulin RIA kit (LINCO Research, St. Louis, MO) on a manually controlled gamma counter as described by Morgan et al. (1993) . All samples were run in the one assay. The intraassay coefficient of variation using this kit was less than 2%.
Triglyceride and total cholesterol concentrations of plasma were determined by standard enzymatic dipyridamole methods on a centrifugal autoanalyzer (Hitachi Autoanalyser System 705, Japan), using commercially available kits (Boehringer Mannheim, Sydney, Australia) as described by Stavopoulous and Crouch (1974) . High-density-lipoprotein cholesterol was determined after precipitating all plasma lipoproteins except HDL with polyethylene glycol 6000 (PEG 6000, BDH Labora- tory supplies, U.K.). Low-density-lipoprotein cholesterol was calculated using the Friedwald equation as developed by Delong et al. (1986) , which is given below:
Carcass Traits and Fatty Acid Analysis. Slaughter procedure and longissimus thoracis muscle (LT) sample collection were the same as described previously (Ponnampalam et al., 2001) . Hot carcass weight was measured at 45 min postmortem. At 24 h postmortem, carcass fat depth was recorded by an independent operator from the abattoir using an AUSMEAT procedure for lambs (the total tissue depth of muscle and fat at the 12th rib, 110 mm from the midline; GR). Eight lambs per treatment were required for the measurement of performance, and this data will be reported elsewhere. However, because of the high cost of the FA analyses, six muscle samples were randomly selected from among the eight chop samples collected in each treatment for analysis. This number was sufficient for statistical comparisons. The total fat (i.m. fat) content and FA composition (phospholipid and triglyceride) of LT muscle tissues and of feed samples were determined as described previously (Ponnampalam et al., 2001) . The sunflower meal supplement used in this study was very low in lipid content (< 2%; fat is extracted before protein is protected). The FA composition of fish oil was provided by the laboratory analysis of BASF Health and Nutrition (PRONOVA Biocare, Norway) where the fish oil was produced. The intake of different classes of FA of lambs on different treatments is given in Table 2 .
Statistical Analysis. Data were analyzed using the Minitab Statistical Package (Minitab Inc., State College, PA). The effect of diet on carcass traits and FA composition of muscle were analyzed with ANOVA using the GLM procedure. Final live weight and hot carcass weight were used as covariates for statistical analysis of hot carcass weight and GR fat depth, respectively. Lipid metabolites and insulin concentration in plasma were analyzed using a split plot design with repeat measure, using time as a subplot. The main effect tested was diet. The interaction tested was treatment × time in response to feeding, where initial concentration was included as a covariate. Results are reported as means and pooled SEM values from the indicated number of animals used in the analyses. When indicated by ANOVA, means were separated using LSD, with P < 0.05 considered statistically significant.
Results
One lamb from each treatment was removed from the data analysis either because they refused to eat around the time of sampling or blood samples taken were lost. Therefore, with the exception of the FA analysis (n = 6 per treatment), all other parameters were the means of seven observations.
Mean daily intakes of ME were 9.68, 9.60, 9.69, 10.25, and 9.61 MJ ME/d (SEM, 0.44) and of CP were 163, 156, 150, 186, and 150 g/d (SEM, 6.8) for Basal, FM, FOSMP, FO, and SMP, respectively. There was a small but significant (P < 0.05) difference in daily intake of CP with the FO diet compared with FOSMP and SMP groups. This was due to an increase in lucerne chaff intake providing more ruminally degraded protein, though this is unlikely to have had a significant effect on carcass traits or fat deposition.
Supplemented animals received a relatively high level of total n−6 FA in their diets, which were between 43 (SMP) and 91% (FOSMP) greater than that for lambs receiving the Basal diet. Lambs on FO and FOSMP treatments had substantially higher total n−3 FA intake and long-chain n−3 FA intake compared with the other treatments. Lambs given FM had a modest intake of long-chain n−3 FA; there was no dietary intake of long-chain n−3 FA for the Basal and SMP treatments (Table 2) .
Plasma Lipid Metabolites and Insulin Concentration.
There was no interaction observed (P > 0.05) for any of the plasma lipid metabolites measured before or after feeding. However, there was a treatment main effect on HDL-cholesterol and total cholesterol content (Table  3) ; FO alone or with SMP (FOSMP) reduced plasma total cholesterol (P < 0.02) and HDL (P < 0.001) compared with Basal, fish meal, and SMP treatments. Lambs fed SMP had significantly greater concentrations of total cholesterol and HDL-cholesterol compared with all other treatments (Table 3) . In response to feeding, lambs fed FO and FOSMP produced a smaller increase (P < 0.001) in insulin concentration than those Table 2 . Lambs' mean daily intake of n−3, n−6, and long-chain (LC) n−3 fatty acids (FA) for roughage and supplements of the basal and supplement diets Value does not include n−3 and n−6 FA composition of SMP, which was included as a protein supplement; lipid content of SMP was 1.9% and FA composition was not determined. All diets contain α-linolenic acid (total n−3 FA intake − total LC n−3 FA intake).
lambs fed Basal, fish meal, and SMP diets (Figure 1 ). There were no differences observed among treatments in initial concentrations of plasma insulin and lipid metabolites (data not shown).
Carcass Traits. Hot carcass weight was greater with the fish meal diet (P < 0.03) than with Basal, FOSMP, and FO diets ( Table 3) . The percentage of i.m. fat was lower (P < 0.05) with the fish meal and FO diets than with the Basal diet, whereas in lambs fed SMP and FOSMP, i.m. fat was intermediate and not significantly different from the other treatments. Lambs fed the fish meal diet had a smaller (P < 0.05) GR fat depth compared with lambs fed FOSMP diet, but this was not significantly different from the other treatments. Triglyceride deposition tended to be reduced (P = 0.10) in the muscle LT of lambs fed fish meal, FO, and FOSMP compared with Basal and SMP diets (Table 3) .
Fatty Acid Composition of Muscle Phospholipids and
Triglycerides. There was a marked increase (P < 0.001) in long-chain n−3 FA content, particularly eicosapentaenoic acid (EPA, 20:5n−3) and docosahexaenoic acid (DHA, 22:6n−3), in the phospholipid fraction of LT mus- Within a row, means without a common superscript letter differ (P < 0.05).
cle of lambs fed FO (100%) and FOSMP (111%) and a moderate increase in lambs fed fish meal (24%) ( Table  4) . Although fish meal, FOSMP, and SMP reduced (P < 0.001) phospholipid content of α-linolenic acid (18n−3) compared to the basal diet, there was no difference between the FO and Basal diets. Stearic (18:0) and oleic (18:1) acid content were lower (P < 0.001) in lambs fed FO and FOSMP and higher (P < 0.001) in lambs fed fish meal compared with lambs fed the Basal diet. In the muscle triglyceride fraction, linoleic acid (18n−6) content was less (P < 0.04) with fish meal and FO than with Basal and SMP diets, but lambs fed FOSMP exhibited an intermediate level that was not significantly different from any other treatment (Table 5 ). There was no difference observed in muscle long-chain n−3 FA among treatments, but lambs fed fish meal, FOSMP, and FO had less muscle LT linolenic acid content than lambs fed the Basal diet. The effect of SMP on total muscle linoleic acid content was eliminated when FO was included with SMP supplement: values were 102, 105, and 123 mg/100 g of meat for FO, FOSMP, and SMP, respectively (P < 0.001). With respect to total muscle FA, lambs fed FO and FOSMP had higher (P < 0.001) muscle long-chain n−3 FA and lower (P < 0.02) muscle n−6 FA content than lambs fed the control diet. Fish meal moderately increased long-chain n−3 FA while reducing (P < 0.02) the muscle n−6 FA content (Table 6 ). In the present study, lambs fed fish meal, FOSMP, and FO deposited 24, 100, and 111% more long-chain n−3 FA (EPA + docosapentaenoic acid [22:5n−3] + DHA) in muscle LT than control lambs. Neither long-chain n−3 FA content nor n−6 FA of LT muscle was affected by SMP. The LT Within a row, means without a common superscript letter differ (P < 0.05).
muscle n−6:n−3 FA ratio was decreased by the FO and FOSMP diets (P < 0.001) and increased by the SMP diet (P < 0.001) compared with the Basal diet, but the ratio was not changed by the fish meal diet (Table 6 ). There were no differences in the ratio of PUFA:saturated FA in muscle between treatments.
Discussion
Energy and Protein Content of Basal Diet and Supplements. Intake of ME derived from supplements was not isoenergetic across treatments. However, the total daily intake of ME of lambs across treatments was maintained at 9.6 to 10.2 MJ ME/d, which is similar to that of animals grazing medium-quality pasture in the dry season in Australia. Under these conditions, cereal supplementation is often practiced to improve the growth rate of sheep grazing poor-to medium-quality pasture or forages, but these supplements are poor sources of α-linolenic acid and have high n−6 relative to n−3 FA content. A single dietary supplement that contains high amounts of n−3 FA could be included in practical feeding methods applicable to Australian livestock feeding systems (Ponnampalam et al., 2001 ).
Effect on Muscle Long Chain n−3 Fatty Acids.
In a previous paper (Exp. 2, Ponnampalam et al., 2001 ) it was reported that fish meal in a roughage-based diet significantly increased muscle long-chain n−3 FA (+30%) and reduced the n−6 FA content compared to roughage alone. In the present study, although fish meal was taken from the same batch as used in Exp. 2 of that study, the effect of FM diet on muscle longchain n−3 FA content was slightly lower (+24%). A lower lipid content in fish meal (4.6% vs 5.4% in Exp. 2 of Ponnampalam et al., 2001 ) and reduced intake of fish meal (119 vs 130 g/d in Exp. 2) in the present study is probably the major reason for only a modest increase in long-chain n−3 FA deposition in muscle. The marked increase in muscle long-chain n−3 FA enrichment with FOSMP (+100%) and FO (+111%) compared with the Basal diet was associated with a substantial increase Within a row, means without a common superscript letter differ (P < 0.05).
in dietary intake of long-chain n−3 FA; long-chain n−3 FA in the FO treatments was approximately 50-fold higher than for the FM diet. Despite this, there was only a fourfold difference in the level of long-chain n−3 FA in the total fat fraction of muscle. This may have occurred due to 1) more degradation of C20 and C22 FA when FO was added in a pure liquid form rather than being added in a mixed form as FM. In other words, pelleting may have provided additional protection from ruminal microorganisms (Wood and Enser, 1996) ; 2) a small amount of FO was lost because of adhesion to the feeding trough when sprayed daily; feeding troughs of FO and FOSMP treatments had a slightly oily appearance in the mornings before feeding. Supplementing lambs with SMP did not affect the concentration of long-chain n−3 and n−6 FA in the total fat fraction of muscle compared with the Basal diet. The results of the present study and that of Ponnampalam et al. (2001) suggest that considerable amounts of dietary long-chain FA reach the small intestine, either intact or only partially modified, and confirm the Within a row, means without a common superscript letter differ (P < 0.05).
in vitro observations of Ashes et al. (1992) . However, further work is required to establish the extent of any biohydrogenation of > C20 FA in the rumen of intact animals and the relationship between dietary intake of > C20 FA and long-chain n−3 FA concentration in muscle. Ashes et al. (1992) showed that feeding 20 and 30% protected lipid supplement containing 8 and 12% technologically protected FO, respectively, in a feedlot ration significantly increased long-chain n−3 FA (EPA and DHA) of the muscle phospholipid fraction in lambs. However, in that study the experiment was conducted in 18-to 24-mo-old sheep with two animals in each treatment, which precluded a comparison of the growth performance of the sheep. A significant increase in muscle long-chain n−3 FA (EPA and DHA) was reported (Vatansever et al., 1998) in cattle fed FO alone or with linseed in a feedlot ration, but the levels of long-chain n−3 FA reported in longissimus muscle were much smaller than those measured in the present study.
The effect of SMP on muscle linoleic acid content was eliminated when FO was included with SMP supple-ment. Perhaps the physicochemical characteristics of the feedstuff influenced the degree to which oils escape ruminal hydrogenation, or the increased amount of n−3 FA provided by the FO might have dominated linoleic acid for specific enzymatic action at the enterocyte, because the absorption and resynthesis of n−3 and n−6 FA is rate-limited (Cave, 1991; McDonald, 1995) . With FM, the moderate increase in muscle long-chain n−3 FA content (Table 6 ) was associated with a significant reduction in muscle linoleic acid content (Table 5) and confirmed the observations made in a previous study (Ponnampalam et al., 2001 ).
Ratio of n−6 to n−3 Fatty Acids in Meat. The ratio of n−6:n−3 FA in LT muscle was markedly decreased by FO and FOSMP, but not by FM. The latter contrasts with findings in a previous study (Ponnampalam et al., 2001) . The unaltered n−6:n−3 FA in muscle in comparison to the Basal treatment may have been due in part to the lower deposition of muscle long-chain n−3 FA with the FM treatment. In contrast, in cattle fed FO there was a decrease in both n−6:n−3 FA and PUFA:saturated FA ratio of LT muscle (Vatansever et al., 1998) . This may have been due to the inclusion of barley and sugar beet pulp along with the lipid supplement. In the present study, the ratio of PUFA:saturated FA was not significantly different between treatments, although there was a tendency for an increase in this ratio in FO compared to the Basal treatment. A supplement of sunflower meal in the diet significantly increased the ratio of n−6:n−3 FA in LT muscle in comparison to the Basal diet. However, when FO was included with SMP this ratio was significantly less than for the Basal diet. This suggests that when dietary n−3 FA is available for digestion and absorption in the intestine together with n−6 FA, n−3 FA would be preferentially absorbed through more efficient competition for enzymatic sites at the enterocyte.
Plasma Insulin Concentration.
There was a substantial diet effect on changes in plasma insulin concentration after feeding. The marked reduction in the dietinduced increase in insulin concentration after feeding was observed for the FO and FOSMP diets compared with the Basal diet. Both of these treatments substantially increased muscle phospholipid long-chain n−3 FA content. Although there was a modest increase in muscle phospholipid n−3 PUFA with the FM diet, this reduction in the change in insulin concentration after feeding was not observed in this treatment. It is speculated that the insulin binding capacity may have been greater in skeletal muscle when FO was added to the roughage alone or with SMP, compared to conditions established in the Basal and SMP treatments. Recent work in vitro and in vivo in both rats and humans has shown that incorporation of more unsaturated FA, particularly long-chain n−3 FA, into muscle membrane structural phospholipid is associated with improved insulin action or binding capacity (Storlien et al., 1995; Baur et al., 1998a,b) . Moreover, our results suggest that there may be a threshold level of long-chain n−3 FA in muscle phospholipid required to elicit changes in insulin action.
Plasma Lipid Metabolites. When unsaturated FA are provided to the small intestine for absorption, chylomicron synthesis predominates, resulting in a low triglyceride content and high phospholipid content in the circulatory plasma lipids (Byers and Schelling, 1988; German et al., 1997) , which in turn may lead to more PUFA deposition in muscle. Apart from the primary lipoproteins (VLDL, chylomicrons) formed from the digestion of lipids in the small intestine of ruminants, lipids are present as low-(LDL) and high-(HDL) density lipoprotein (German et al., 1997) . The significant reduction in the plasma HDL cholesterol fraction in the present study (Table 3) in the FO and FOSMP treatments was associated with a marked increase in long-chain n−3 PUFA in the muscle phospholipid fraction. High-density lipoproteins are integral to lipoprotein remodeling in the blood and take up phospholipid and cholesterol liberated from chylomicrons and VLDL during hydrolysis of triglycerides (Tall, 1990) . Lipoprotein lipase enzyme plays a central role in binding chylomicrons to peripheral tissues such as muscle cells and adipose tissue during uptake of FA and other particle exchange, including apolipoproteins from the HDL fraction (Walzem et al., 1995) . This enzyme activity is stimulated by insulin (Cryer, 1981; Eckel. 1987) . The significant reduction in HDL cholesterol and total cholesterol fractions in the FO and FOSMP treatments suggests that these animals were capable of utilizing more protein from the HDL fraction than others because the protein in the HDL fraction is twofold greater than that in the LDL fraction (Berner, 1993; Paik and Blair, 1996) . Clandinin et al. (1991) have reported that phospholipid plays a critical role in determining the structure of plasma lipoproteins; they also can profoundly influence the function of membrane proteins involved in insulin action in adipose and other tissues.
The half-life of the LDL-cholesterol is in the range of 1 to 3 h (Palmquist and Mattos, 1978) , and in the present study lambs were bled 4 h after feeding; there were no differences in LDL cholesterol levels among groups. Triglyceride and cholesterol are transported in the blood as complexes with proteins known as apolipoproteins (Spady et al., 1993; Paik and Blair, 1996) . The smaller concentration (P < 0.02) of plasma total cholesterol in the FO and FOSMP treatments and the intermediate level in the FM treatments compared with the BAS and SMP treatments suggests that dietary modification of muscle cell membrane phospholipid has an influence on plasma total cholesterol content, which in turn affects lipoprotein metabolism.
Carcass Traits. The significantly heavier carcass weight and decreased i.m. fat and GR fat depth in the FM treatment indicated that these animals deposited more muscle in their carcasses through improved net protein synthesis (N balance) and(or) energy utilization compared with the other treatments. This may have been due to an increased amount of ruminally unde-graded protein provided by fish meal and(or) an association between the modest increase in muscle phospholipid long-chain n−3 FA and the protein absorbed from the FM diet. Moreover, the significantly decreased i.m. fat content in the FM and FO treatments was also associated with an intermediate and marked increase in muscle phospholipid long-chain n−3 FA content, respectively, but this was not observed in the FOSMP treatment. However, it is unlikely that decreased i.m fat would be detrimental to eating quality because i.m. fat content exceeded 3% in all treatments; at least 3% i.m. fat has been suggested as necessary for acceptable eating quality of lamb (Dikeman, 1987) .
In addition to the significant decrease in i.m. fat content in the FM and FO treatments in the present study and the tendency for a decrease (P < 0.08) in the FM treatment in Ponnampalam et al. (2001) , there was also a tendency (P = 0.1) for reduced accumulation of muscle storage trigylceride in both studies. This suggests that FA were diverted away from these depots to provide energy for synthesis of muscle protein or for other purposes.
In the present study, in those treatments (FO and FOSMP) in which there was a significant increase in muscle long-chain n−3 FA there was also a smaller increase in insulin concentration after feeding in comparison to the Basal treatment, suggesting some modification to insulin action. In rats, development of insulin resistance with elevated intake of SFA and n−6 FA is linked to the accumulation of intramuscular storage lipid (Storlien et al., 1991) . In addition, there is some evidence that n−3 FA enrichment of muscle phospholipid is associated with improved insulin action (Storlien et al., 1995) . The data in the present study are consistent with these observations. However, any improvement in insulin action, possibly through higher insulin binding capacity on the muscle cell membrane, was not associated with increased carcass gain, as was observed in the FM treatment. In this regard, the amino acid composition of intestinally digested protected SMP supplement might not have been optimal for increased N retention.
Nutritional Significance of Meat from Lambs Fed Lipid
Supplements. The International Society for the Study of Fatty Acids and Lipids (ISSFAL) strongly emphasizes, on the basis of scientific and epidemiological evidence, the likely beneficial effects of low to moderate intakes of long-chain n−3 FA on heart disease, thrombosis, arthritis, and other conditions. The estimated intakes of EPA plus DHA in most countries, especially in those on typical Western-style diets, are in the range of 100 mg/d or less (Eaton et al., 1998; Sinclair and Vingrys, 1998) . Recommendations of levels of approximately 200 mg/d for the general population have been made in United Kingdom (U.K. Dept. of Health, 1997) and Europe (de Deckere et al., 1998) .
Cattle fed with 10% FM for 168 d provided 85 mg of total n−3 FA, including 45 mg of EPA and DHA, in a 110-g serving of meat (Mandell et al., 1997) . The same amount of meat from lambs supplemented with FM (9%), FOSMP (1.5%), and FO alone (1.5%) over a 6-wk feeding period in the present study would provide 72, 108, and 116 mg of total n−3 FA and 48, 82, and 86 mg of long-chain n−3 FA. Steers fed linseed, FO, and FOlinseed mixtures were reported to have 39, 52, and 41 mg of long-chain n−3 FA compared with control steers containing 33 mg in 100 g of meat (Vatansever et al., 1998) . Thus, consuming 150 to 200 g of lamb chops from lambs on FM or FO treatments could provide about 37% and 55 to 73% of the recommended average daily intake of long-chain n−3 FA, respectively (on the basis of U.K. Dept. of Health, 1997; de Deckere et al., 1998) .
Implications
Nutritional value of lamb meat for human consumption can be improved by increasing muscle long-chain n−3 fatty acids through supplementing the diet with either fish oil or fish meal for 7 wk. However, further research is needed to confirm whether n−3 fatty acid can be enriched in muscles within shorter periods of feeding (i.e., 3 to 4 wk) and whether there are implications for meat sensory properties (e.g., flavor) and shelflife. Modification of muscle structural phospholipid long-chain n−3 fatty acids may be associated with reduced intramuscular fat and storage triglyceride content in muscle, and a reduced diet-induced increase in plasma insulin concentration. Furthermore, an effect on insulin-stimulated energy utilization in skeletal muscle and lipoprotein metabolism needs further investigation in relation to reduction of carcass fatness. In addition, ruminally undegraded protein from fish meal rather than protected sunflower meal seems to be more efficiently utilized for carcass gain.
